Th e refrac tiv e indi ces of a commercia l fu sed silica s pec im e n were de termin ed at ten wa ve len gth s from 404.7 to 667.8 nm over the tempe ra ture range from -200 to + 20°C. Th e data a re neede d for th e des ign o f optical sys te ms for s pace app lication s wh e re th e e xtrem es of te mpe rat ure are e nco un te re d. Val ues of th e th e rmal coe ffi c ie nt of re fra c tiv e ind e x we re found to be pos itive and vari ed fro m about 9 X IO-fir e a t roo m te mperature to 3 X 10-"r e at liquid nit rogen tempe ra ture. Th e d ata a lso s how e d that the re is an in crease in di s persion with inc reas in g te mpe rature. These res u lts bea r out th e pre· di ct ion s of the th eory for the th e rmo-optic be ha vior of so lid s.
1, Introduction
Data on the refractive indi ces of fused silica at low temperatures are need ed in the design of optical systems for space applications. A survey of the literature shows that Rinn e [1 , 2)1 made meas urem e nts to -160°C for four s pec tral lines of helium radiation. He used the classic minimum deviation me thod with a prism of fused silica and a goniometer which read to 2 s. The data are re ported to 5 significant fi gure's. Austin and Pierce [3] have re porte d on refractive indices to -200°C for one s pectral line of helium at 587.6 nm. These authors used an optical interference method in which c hange in optical path length was I measured , and th e change in refra c tive index from an initial value was calculated ; the technique requires data on lin e ar thermal expansion. This method makes it possible to obtain index data to 6 significant figures.
The source of the fused silica was not specified in either of the above investigations. In the present study , it was desired to obtain data on commerical fused silica , 'Corning Code 7940 ,2 from + 20 to -200°C for 10 wavelengths from 404.7 to 667.8 nm.
Fused silica is an interesting material for study, because it is known from earlier work that the change of refractive index with temperature, dn/dT, is very large , being about 9 X 1O-6;oC at room temperature, [3] wh ereas for most optical c rown glasses it is about I 2 or 3 X 1O-6;oC [4 ,5] . On the other hand , the coefficient of thermal expan sion is extremely low , being about 0.5 X 1O -6/ o C [6 , 7] while mos t optical glasses have *This work was sponso re d by Lang ley Resea rc h Ce nt e r . NASA. National Aero na uti cs a nd Space Ad mini s trati on . Washin gton, D.C. 20546.
1 The fi gu l'cs in buc kets ind ica te lit erature re ferences al th e e nd of thi s pape r.
2: Comme rc ial ma te ri als arc id en t ified in thi s paper to specify the pa rti c ul ar s ub sta nce on whi ch the d ata we re obt a ine d. In no in sta nce does s uc h id e ntification impl y reco mmendation o r e ndorsement by th e Nati ona l Burea u of Standards or that the ma te rial id entified is necessa ri ly t he bes t for the purpose.
valu es on the order of 8 to 10 X 10-r;;oc [4] . The re is , the refore, a large value of dn/dT for fu sed silica whi ch cannot be attributed to chan ge in volum e.
2, Experimental Method
The interfere nce method employed by Austin and Pie rce [3] offers th e attractive fea ture of hi gh precision of meas ure ment. There is the additional feature that , sin ce the spe cim e n employed is small , th ermal gradients constitute less of a proble m. Moreover , a continuous record of change in optical path length may be obtained by using a continuou sly re cording camera. For these se veral reasons it was d ecided to use this basic method with some amplifi cations to permit the photographing of frin ge shifts for several spectral lines simultaneously.
In the optical interference method the specimen in the form of a plate with flat, polish ed fa ces constitutes the interferometer. When this plate is viewed in reflection using collimated, monochromati c light, a pattern of localized, Fizeau-type interfere nce frin ges may be seen at the top surface. For a specimen of thickness , t , and refractive index, n , the fringe number N is given by Nt..=2tn . (1) A chan ge in temperature , T, will cause a shift in the frin ge pattern , because of changes in t and n. By differentiating (1) and rearrangin g it is found that
For a given temperature interval, 6.T, a measurement of the number of fringes that pass a fixed reference mark and the change in thickness, together with data on the initial index and thickness, permit the calculation of 6.n. The shift in interference fringes was recorded photographically on high speed film, using an optical system similar to the one described by Saunders [8] . It has been found that the proper adjustment of a prism in Saunders' apparatus permits the recording of fringe shifts for several spectral lines on the same film [9] . In the present investigation four spectral lines of helium, 471.3,501.6,587.6 and 667.8 nm were recorded on one film, four spectral lines of cadmium, 467.8, 480.0, 508.6, and 643.8 nm were recorded on a second and two lines of mercury, 404.7 and 435.8 nm were recorded on a third.
The fused silica specimen was about 0.3 cm in thickness. This specimen was half· silvered on the front surface and fully silvered on the back surface in order to increase the brightness in the image plane.
The specimen was enclosed in a cryostat, in which liquid nitrogen was used to effect the reduction in temperature; this apparatus has been described [10] . In the present experiment, liquid nitrogen was added, a little at a time, and, after each addition, a waiting period of about one· half hour was allowed for a quasi· equilibrium condition to obtain. The temperature was measured at each plateau with a potentiometer and a calibrated copper· constantan thermocouple. Calcu· lations showed that the sensitivity of measurement was 0.02 °C at room temperature and 0.5 °C at the lowest temperatures. In each run, eight to twelve temperature intervals provided data points from + 20 to about -192°C.
Results and Discussion
The experiments involved only measurement of changes in optical path, and initial values of refractive index at 20°C for the various spectral lines were those reported by Malitson [11] . The small corrections for the change in length, 6.t, were taken from the data of Scheel and Heuse [6] which are recommended by Sosman in his compendium on silica [7] . With this information plus the measured values of 11N, it was possible to calculate 6.n for each temperature interval. It was estimated that shifts could be measured to one· tenth of an interference fringe, and calculations showed that this meant that the sensitivity of measure· ment was about ± 2 X 10-5 in 6.n.
The calculated values of 6.n were then fitted by computer to a cubic equation, and values of 6.n at temperature intervals of 10°C were printed out from + 20 to -200°C. These increments were added to the initial values of refractive index, and the results which refer to air at 20°C are shown in table 1. The standard deviation of each value of the original data was within ±lXI0-5•
The initial values of refractive index used in the present study differed from those of the earlier in· vestigators, but it is still possible to make a com· parison of the changes in refractive index between I two specified temperatures. The temperatures, 18 and -160°C were selected because Rinne [1, 2] reports his data at these points, and Austin and Pierce [3] give an equation from which these values may be obtained. In the present study, values at 18°C were found from the computer run although they are not given in table 1. The differences in refractive index are shown in table 2 for the four wavelengths used by Rinne and the single wavelength employed by Austin and Pierce. Considering that the sensitivity of measurement of the interference method is ± 2 X 10-5 , the difference of 4 X 10-5 for the two values of Lln at 587.6 nm (data of Austin and Pierce versus data of the present study) seems reasonable. Rinne's data are of lesser precision, but, recognizing this, the agreement between the sets of data appears to be good.
It should be noted that the data obtained here bear , out the phenomenological theory for the thermal change in the refractive index of solids which has been developed by Ramachandran [12, 5, 13] . According to this theory, dn/dT in a solid depends upon (1) a change in the number of dispersion centers and (2) a variation in the dispersion frequencies. This variation in the dispersion frequencies, in turn, shows a dependence upon volume change as the solid expands as well as an effect due purely to temperature. From data on commercial glasses [5] and fused silica [13], Ramachandran has inferred that the variation of the dispersion frequencies in these materials is essentially independent of change in volume and is almost solely dependent on temperature change itself. This is very apparent in the case of vitreous silica where the thermal expansion is extremely small, and the shift in the fundamental dispersion frequency accounts almost entirely for the observed changes in dn/ dT. Values of dn/ dT for the s pectralline of 587.6 nm are shown as a function of temperature in figure 1. It can be seen in the figure that dn/dT decrea.:es continuously to the lowest temperatures investigated, even though there is a maximum in the density of fused silica at about -80°C [6, 7] .
The theory also predicts that the magnitude of the temperature shift of the fundamental absorption band decreases with fall of temperature, and probably vanishes at low temperatures. In fused silica this is manifested in the variation of dn/dT with temperature as shown in figure 1. For several commercial optical glasses, Molby [4] has found that refractive index versus temperature data exhibit a minimum at some reduced temperature. The commercial glasses have an appreciable thermal expansion (in contrast to fused silica) with an accompanying contribution to dn/dT that is always negative because of the lessening in the number of dispersion centers. The data on the optical glasses may be explained by the reduced contribution to dn/dT by the temperature shift of the fundamental absorption band at low temperatures.
Ramachandran has pointed out that the shift of fundamental absorption band with increasina temperature is toward longer wavelenoths so tha~ there is an increase in dispersion. This "is borne out by the .data for fused silica shown in tab Ie 1, by subtractmg the value of the refractive index for the spectra~ line of 667.8 nm from that at 404.7 nm, companson shows that the differences are 0.01343 and 0.01355 at -200 and + 20°C, respectively.
